Abstract. X-ray excited optical luminescence (XEOL) of a fused silica glass was studied, varying excitation X-ray energy, irradiation time and temperature. At room temperature, an emission band peaked around 3.1 eV was observed, the origin of which has been assigned to the intrinsic B 2β oxygen deficient center. The luminescence yield was drastically decreased for the X-ray energy corresponding to the ionization threshold of the Si K-edge, while its time evolutions followed exponential production-saturation curves, which were almost independent of the excitation X-ray energies. At 50 K, on the other hand, an additional emission band appeared at the lower energy side, resulting in the emission band broadening. The intensity of the additional band was decreased monotonically with the irradiation time only for the resonance excitation from 1s to 3p of Si atoms in SiO 2 (1848 eV). These results indicate that high-density excitations of inner-shell electrons can give rise to production and/or annihilation of specific types of point defects.
INTRODUCTION
Degradation of optical properties of silica glass by ionizing radiation is one of the main concerns for their use in fusion and fission environments [1] [2] [3] . Although the radiation damage of silica glass has been extensively studied, the detailed damaging processes and/or radiation effects are not yet fully understood. This is partly because most of the studies have been done by post-irradiation tests, which cannot give information on the "processes" but only "traces" or "results" since the relaxation (or de-excitation) time of excited electrons is usually very short.
Recently, we have in situ measured in-reactor irradiation-induced luminescence from various types of silica glasses [4, 5] . These in situ measurements were very effective for observing the dynamic changes in their electrical properties by ionizing radiations. In the present study, we have utilized soft X-ray as an ionizing source. Since the energy region of the soft Xray covers the K-and L-edges of silicon and oxygen, it enables us to study the effects of preferential excitations of inner-shell electrons on the defect production and/or annihilation. We thus examined the changes in X-ray excited optical luminescence (XEOL) of a silica glass with respect to excitation Xray energy near the threshold of the Si K-edge, irradiation time and temperature.
EXPERIMENTAL
The sample used in this study was a low-OH fused silica glass (T-2030) disc produced by Toshiba Ceramics, Japan. The diameter and thickness of the sample were 13 mm and 2 mm, respectively. XEOL of the silica glass by X-ray energy between 1.8 and 1.9 keV was measured between 50 K and 300 K on the beam line 1A at UVSOR-II, Institute for Molecular Science. The size and flux of the soft X-ray beam were ca. 1 x 4 mm and ca. 1 x 10 9 photons⋅mm
, respectively. The luminescence was collected and guided by a lens in a UHV chamber to the monochromator (CP-200, JOBIN YVON) and detected by a multi-channel analyser (OMAIII, EG&G PRINCETON APPLIED RESEARCH), which covers the photon energies from ca. 1.5 eV to 4 eV.
Si K-edge XANES of the silica glass sample was also measured in a sample current mode on the same beam line 1A at 300 K to select the excitation energies of soft X-rays for the XEOL experiments. Fig. 1 shows the Si K-edge XANES of the low-OH fused silica glass. The sharp and prominent resonance absorption (white line) at 1848 eV corresponds to the electron transition from the Si 1s to unoccupied 3p states. Referring to the XANES profile, we selected three excitation X-ray energies of 1834 eV (just below the Si K-edge), 1848 eV (on the white line) and 1858 eV (well above the threshold), as indicated by arrows.
RESULTS AND DISCUSSION

FIGURE 1.
Si K-edge XANES of a low-OH fused silica glass measured in a sample current mode. Fig. 2 (a) shows observed XEOL spectra from the sample excited by the three different energies, measured at room temperature. An intense emission band peaked around 3.1 eV is observed in each spectrum. The previous studies assigned the origin of the 3.1 eV band to the intrinsic B 2β center [6, 7] . We reported previously [4, 5] that in-reactor or UV irradiation on silica glasses induced similar emission bands, and this emission band can be induced also by the soft X-ray irradiation, presumably by exciting the electrons trapped at the oxygen-deficient sites.
It should be noted that the XEOL intensities significantly varied for the different soft X-ray excitation energies. The lowest intensity at 1848 eV (on the white line) is probably attributed to the smaller excitation volume associated with the decrease in the X-ray penetration depth by the strong absorption [8] . At well above the threshold of the Si K-edge, the electron transition from the Si 1s to 3p unoccupied and/or continuum states also moderately reduces the relative luminescence yield, compared to the case below the threshold. A rough estimation of the luminescence yields, however, assuming them to be proportional to the effective excitation volumes, did not quantitatively explain the present intensity variation, and the energy transfer paths, excitation probabilities and/or luminescence efficiencies should be taken into consideration for quantitative discussion.
FIGURE 2.
Optical luminescence spectra of a fused silica glass excited by X-rays with the energies of 1834, 1848 and 1858 eV at (a) 300 K and (b) 50K. Solid curves are two Gaussians peaked at 2.6 and 3.1 eV, resulting from the peak fit for the profile at 1848 eV.
We also measured XEOL at lower temperatures, and found the broadening of the emission band below 100 K. Fig. 2(b) shows XEOL of the same sample measured at 50 K. A peak position is shifted to the lower energy side, because an additional emission band appears around 2.6 eV, revealed by the peak fit, as shown in Fig. 2 (b) . This additional emission band occurs, presumably because the excited electrons survive longer at lower temperatures until relaxed to the corresponding energy level(s). As shown in Fig.  2(b) , the luminescence intensity also changed with the excitation energy in a manner similar to the cases at 300 K.
Figs. 3(a) and (b) show the time evolutions of the XEOL intensities at 300 K and 50 K for the three excitation energies. The intensity value of each point was evaluated by the total area of the emission band in Figs. 2(a) and (b) . At 300 K, the time evolutions for the different excitation energies are basically constant with irradiation time except at the very early stage of the irradiation, and analogous to one another except their absolute values.
This suggests that the production of the radiative defect centers is associated with the conversion of unknown precursor defect states to the B 2β centers through the valence electron excitation [9] .
At 50 K, on the other hand, the luminescence intensity is monotonically decreased with the irradiation time at the excitation energy of 1848 eV, whereas at 1834 eV and 1858 eV, the intensities are nearly constant with the irradiation time. A difference spectrum (not shown) between the spectra after irradiated for 300 and 5000 seconds at 1848 eV was dominated by the component peaked at 2.6 eV, indicating that the observed intensity reduction is mainly ascribed to the reduction of this component. These results above suggest that a specific type of point defects in the sample is preferentially decomposed by a specific electronic transition excitation. In other words, a selective electronic excitation can control formation and/or annihilation of a specific type of defects. It is worth noting here that the observed intensity changes fully recovered to the initial values in an hour after stopping the X-ray irradiation.
In the present case, the transition induced by 1848 eV X-ray corresponds to that from the Si 1s occupied state to the 3p antibonding orbitals relating to the Si−O bonds. The high-density electron excitation will break the Si−O bonds and also excite the electrons trapped at the luminescent centers of the 2.6 eV band, which could effectively contribute to the decomposition of the centers.
CONCLUSIONS
We measured X-ray excited optical luminescence relating to oxygen deficient centers in a silica glass. It was found at room temperature that the emission intensity drastically changed by the excitation energy, particularly near the ionizing threshold, which is likely attributed to the different penetration depth of the Xray associated with the large absorption at the white line. At 50 K, the luminescence intensity was monotonically decreased when the excitation energy coincide with the Si K white line (transition from 1s to unoccupied 3p of Si), whereas nearly constant for other X-ray energies (well above and below the Si Kedge). The intensity reduction would be the first indication of dynamical defect reactions induced by selective excitations of the inner-shell electrons.
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